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1

METHOD AND SYSTEM FOR
CONTROLLING HELICOPTER VIBRATIONS

CROSS REFERENC,

L1l

This application 1s a continuation of U.S. patent applica-

tion Ser. No. 11/942,3%1, filed Nov. 19, 2007 now U.S. Pat.
No. 7,686,246, which 1s a continuation of U.S. patent appli-

cation Ser. No. 11/149,514 filed Jun. 10, 2005, now U.S. Pat.
No. 7,370,829, which claims the benefit of, and incorporates

by reference, Provisional Patent Application No. 60/578,645
filed on Jun. 10, 2004, all of which the benefit 1s hereby
claimed and 1incorporated by reference.

FIELD OF THE INVENTION

The present imnvention relates to a method/system for con-
trolling problematic vibrations. More particularly the mnven-
tion relates to a method and system for controlling aircraft
vehicle vibrations, particularly a method and system for can-
celing problematic rotary wing helicopter vibrations.

BACKGROUND OF THE INVENTION

Helicopter vibrations are particularly troublesome 1n that
they can cause fatigue and wear on the equipment and occu-
pants 1n the aircrait. In vehicles such as helicopters, vibrations
are particularly problematic 1n that they can damage the
actual structure and components that make up the vehicle 1n
addition to the contents of the vehicle.

There 1s a need for a system and method of accurately and
economically canceling vehicle vibrations. There 1s a need
for a system and method of accurately and economically
controlling vibrations. There 1s a need for an economically
teasible method of controlling vibrations 1n a helicopter so
that the vibrations are efficiently cancelled and minimized.
There1s aneed for a robust system of controlling vibrations 1n
a helicopter so that the vibrations are efficiently cancelled and
mimmized. There 1s a need for an economic method/system
for controlling problematic helicopter vibrations.

SUMMARY OF THE INVENTION

The invention includes a vibration canceling force genera-
tor for actively generating a vibration canceling force. The
vibration canceling force generator includes a resonant actua-
tor having a natural resonant frequency, and a resonant actua-
tor electronic control system having a command input for
receiving a command signal with the resonant actuator elec-
tronic control system providing an electrical drive current to
the resonant actuator to drive the resonant actuator about the
resonant frequency when commanded by a recerved com-
mand signal, and the resonant actuator has a feedback output
with the feedback output fed back into the resonant actuator
clectronic control system wherein the resonant actuator elec-
tronic control system adjusts the electrical drive current based
on the resonant actuator feedback output to generate the
vibration canceling force.

The mvention includes a method of making a vibration
canceling force generator. The method includes providing a
resonant actuator having a natural resonant frequency, pro-
viding a resonant actuator electronic control system having a
command input for recerving a command signal and a power
amplifier for providing an electrical drive current to drive the
resonant actuator, and connecting the resonant actuator with
the resonant actuator electronic control system wherein the
resonant actuator electronic control system electrical drive
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current drives the resonant actuator about the natural resonant
frequency when commanded by a received command signal,
with the resonant actuator feeding an electrical output back
into the resonant actuator electronic control system wherein
the resonant actuator electronic control system adjusts the
electrical drive current based on the resonant actuator electri-
cal output.

The invention mncludes a method of controlling vibrations.
The method includes providing a resonant actuator having a
natural resonant frequency, providing a resonant actuator
clectronic control system for providing an electrical drive
current to drive the resonant actuator, connecting the resonant
actuator with the resonant actuator electronic control system,
and driving the resonant actuator about the natural resonant
frequency with the resonant actuator feeding an electrical
output back into the resonant actuator electronic control sys-
tem and adjusting the electrical drive current based on the
resonant actuator electrical output.

The invention includes a vehicle vibration canceling sys-
tem. The vehicle vibration canceling system includes a reso-
nant actuator having a natural resonant frequency. The
vehicle vibration canceling system includes a resonant actua-
tor electronic controller for providing an electrical drive cur-
rent to the resonant actuator to drive the resonant actuator
about the resonant frequency. The resonant actuator has a
teedback electrical output with the feedback electrical output
fed back into the resonant actuator electronic controller
wherein said resonant actuator electronic controller adjusts
said electrical drive current based on said resonant actuator
teedback electrical output.

The mmvention includes a method of making a helicopter
vibration canceling system. The method includes providing a
resonant actuator having a natural resonant frequency. The
method includes providing a resonant actuator electronic
control system for providing an electrical drive current to
drive said resonant actuator. The method includes connecting
the resonant actuator with the resonant actuator electronic
control system wherein the resonant actuator electronic con-
trol system electrical drive current drives the resonant actua-
tor about the natural resonant frequency with said resonant
actuator feeding an electrical output back into the resonant
actuator electronic control system wherein the resonant
actuator electronic control system adjusts the electrical drive
current based on the resonant actuator electrical output.

The mvention includes a method of controlling helicopter
vibrations. The method includes providing a resonant actua-
tor having a natural resonant frequency. The method includes
mounting the resonant actuator 1n a helicopter. The method
includes providing a resonant actuator electronic control sys-
tem for providing an electrical drive current to drive the
resonant actuator. The method includes connecting the reso-
nant actuator with the resonant actuator electronic control
system. The method includes driving the resonant actuator
about the natural resonant frequency with the resonant actua-
tor feeding an electrical output back into the resonant actuator
clectronic control system and adjusting the electrical drive
current based on the resonant actuator electrical output.

It 1s to be understood that both the foregoing general
description and the following detailed description are exem-
plary of the mnvention, and are intended to provide an over-
view or framework for understanding the nature and character
of the invention as it 1s claimed. The accompanying drawings
are mcluded to provide a turther understanding of the mnven-
tion, and are incorporated 1n and constitute a part of this
specification. The drawings illustrate various embodiments
of the mvention, and together with the description serve to
explain the principals and operation of the invention.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows methods and systems for controlling vibra-
tions.

FI1G. 2A-D show resonant actuators for controlling vibra-
tions.

FIG. 3 shows methods and systems for controlling vibra-
tions.

FIG. 4A-B show methods and systems for controlling
vibrations.

FIG. 5 shows methods and systems for controlling vibra-
tions.

FIG. 6 shows methods and systems for controlling vibra-
tions.

FIG. 7 shows methods and systems for controlling vibra-
tions.

FIG. 8 1s a plot of Force (N) y-axis and Frequency (Hz)
x-axi1s (Actuator Force for 0.75 volt command).

FIG. 9 15 a plot of Actuator Current (amps) y-axis and
Frequency (Hz) x-axis (Actuator Current for 0.75 volt com-
mand).

FIG. 10 1s a plot of Actuator Voltage (volts) y-axis and
Frequency (Hz) x-axis (Actuator Voltage for 0.75 volt com-
mand).

FIG. 11 1s a plot of Actuator Power (watts) y-axis and
Frequency (Hz) x-axis (Actuator Power for 0.75 volt com-
mand).

FIG. 12 1s a plot of Resistive Power (watts) y-axis and
Frequency (Hz) x-axis (Actuator Power for 0.75 volt com-
mand).

FIG. 13 1s a plot of Actuator Mass Displacement (mm)
y-axis and Time (s) x-axis (Actuator Response to Step Input
of 0.75 Volts).

FIG. 14 1s a plot of Actuator Mass Displacement (mm)
y-ax1s and Time (s) x-axis (Actuator Response to 0.75 Volts
Command at 22.1 Hz).

FIG. 15 1s a plot of Force (N) y-axis and Frequency (Hz)
x-axi1s (Actuator Force for 0.75 volt command).

FIG. 16 1s a plot of Actuator Current (amps) y-axis and
Frequency (Hz) x-axis (Actuator Current for 0.75 volt com-
mand).

FIG. 17 1s a plot of Actuator Voltage (volts) y-axis and
Frequency (Hz) x-axis (Actuator Voltage for 0.75 volt com-
mand).

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Additional features and advantages of the invention will be
set forth 1n the detailed description which follows, and 1n part
will be readily apparent to those skilled in the art from that
description or recognized by practicing the mvention as
described herein, including the detailed description which
tollows, the claims, as well as the appended drawings.

Retference will now be made in detail to the present pre-
terred embodiments of the invention, examples of which are
illustrated 1n the accompanying drawings.

The invention comprises a vibration canceling force gen-
erator for actively generating a vibration canceling force. The
vibration canceling force generator includes a resonant actua-
tor having a natural resonant frequency, and a resonant actua-
tor electronic control system with the resonant actuator elec-
tronic control system providing an electrical drive current to
the resonant actuator to drive the resonant actuator about the
resonant frequency when commanded. The resonant actuator
has a feedback output with the feedback output fed back into
the resonant actuator electronic control system wherein the
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resonant actuator electronic control system adjusts the elec-
trical drive current based on the resonant actuator feedback
output to generate the vibration canceling force.

The invention includes a vibration canceling force genera-
tor for actively generating a vibration canceling force. The
vibration canceling force generator includes a resonant actua-
tor having a natural resonant frequency, and a resonant actua-
tor electronic control system having a command 1nput for
receiving a command signal with the resonant actuator elec-
tronic control system providing an electrical drive current to
the resonant actuator to drive the resonant actuator about the
resonant frequency when commanded by a receirved com-
mand signal, and the resonant actuator has a feedback output
with the feedback output fed back into the resonant actuator
clectronic control system wherein the resonant actuator elec-
tronic control system adjusts the electrical drive current based
on the resonant actuator feedback output to generate the
vibration canceling force. As shown in FIG. 1-5 the vibration
canceling force generator 20 actively generates a vibration
canceling force 22 which destructively interferes with and
cancels an unwanted vibration force 1n a structure 50 that 1t 1s
attached to. The vibration canceling force generator 20 pret-
erably includes a linear voice coil resonant actuator 24 having
a natural resonant frequency 46. Preferably the resonant
actuator 24 1s an electromagnetically driven sprung mass 26
suspended on resilient metal flexures 32. As shown in FIG.
2A-D, the EM (ElectroMagnetic) driven mass 26 1s prefer-
ably suspended on a horizontal beam stack of multiple layers
of resilient metal tlexures 32, which are pretferably supported
by two vertical side resilient metal flexures post plates, to
provide a sprung mass that can be electromagnetically driven
to oscillate at 1ts natural resonant frequency. Preferably the
resonant actuator sprung mass 1s driven by modulating an
clectromagnetic field so the sprung mass 1s attracted and
repelled by the EM field at its resonant frequency. Preferably
the resonant actuator sprung mass includes a permanent mag-
net 28 1n alignment with an electromagnetic coil 30, wherein
a electrical drive current supplied to the EM coil 30 drives the
sprung mass at resonance. The vibration canceling force gen-
erator 20 1includes a resonant actuator electronic control sys-
tem 34. Preferably the resonant actuator electronic control
system 34 has a command nput 36 for receiving a command
signal 38 and the resonant actuator electronic control system
includes a power amplifier 40 that produces the electrical
drive current (1). The resonant actuator electronic control
system 34 provides an electrical drive current 42 to the reso-
nant actuator 24 to drive the resonant actuator about the
resonant frequency when commanded by a recerved com-
mand signal 38, with the resonant actuator having a feedback
output 44 fed back into the resonant actuator electronic con-
trol system wherein the resonant actuator electronic control
system adjusts the electrical drive current (1) based on the
resonant actuator feedback output 44 to generate the vibration
canceling force 22. Preferably the resonant actuator 24 has a
resonant actuator natural resonant frequency in a range of 15
to 40 Hz, more preferably 1in the range of 15-30 Hz, and most
preferably in the range o1 18 to 26 Hz. The vibration canceling
force generator 20 1s able to adapt to an aging of the resonant
actuator 24 that alters the resonant actuator natural resonant
frequency changes over an extended operation life time frame
such as from the aging of the metal flexures and loosening of
the metal tlexure fasteners and fixtures over time, preferably
with the utilization of the resonant actuator feedback output
44 to adjust the drive current to the resonant actuators aging
natural resonant frequency so that the control system pro-
duced drive current can follow an aging change 1n the natural
frequency over an extended period of time. Preferably the
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resonant actuator 24 has a damping level less than four per-
cent of critical damping, more preferably a damping level less
than two percent of critical damping. Preferably the resonant
actuator 24 1s a lightly damped resonant actuator. Preferably
the resonant actuator 24 1s a lightly damped resonant actuator
with an eflective damping ratio less than 0.5 (preferably with
damping ratio=particular damping coellicient c/critical
damping coeflicient ¢,). The vibration canceling force gen-
erator 20 utilizes a resonant actuator 24 that has a lightly
damped mass spring system highly resonant response, with
the actuator driven at resonance because of its highly resonant
response. Preferably the command signal 38 1s an analog
input voltage, which 1s received by command input 36 with
the variable voltage input command signal commanding the
clectronic control system 34 to produce a force 22 to cancel
the unwanted vibration force 1n the vibrating structure 50. As
shown 1 FIG. 4, preterably the vibration canceling force
generator ncludes electrical connector interfaces 52 for dis-
engagably connecting the resonant actuator 24 to the resonant
actuator electronic control system 34. Such an electrical con-
nector iterface preferably includes a feedback loop connec-
tor 52 and an electrical drive current connector 52, with the
connector interfaces 52 providing for interchanging of actua-
tors 24 with the control systems 34 and the replacement and
swapping ol resonant actuators 24. Preferably the resonant
actuator feedback output 44 1s an electrical output from the
resonant actuator back into the control system 34. In a pre-
terred embodiment the actuator electrical output 1s directly
ted from the actuator electrical output into the control system.
In a preferred embodiment such as shown in FIG. 1, no
separate physical actuator motion sensor for producing the
teedback output 1s utilized, with the electrical feedback out-
put 44 coming directly from the actuator and control system
drive current. Preterably the resonant actuator electrical feed-
back output 44 1s an electrical charge flow rate (1) through the
resonant actuator, with the current (1_act) through the actua-
tor fed back into the control system, with the actuator drive
current (1) controlled and limited to a maximum operation
value. Preferably the control system uses the current (1_act)
teedback 44 1n controlling the drive current (1) to drive the
actuator at resonance and without the need of shape filtering.
In an embodiment the resonant actuator feedback output 44 1s
an electrical potential difference through the resonant actua-
tor 24, with the voltage (v_act) across the actuator fed back
into the control system, with the voltage in the actuator con-
trolled and limited to a maximum value corresponding to the
rated voltage for the actuator for maximum operation dis-
placement of the actuator at resonance. In an embodiment the
resonant actuator feedback output 44 is the electrical charge
flow rate (1_act) through the resonant actuator and the elec-

trical potential difference (v_act) through the resonant actua-
tor, with both the voltage and current fed back from actuator
24.

The mvention comprises a method of making a vibration
canceling force generator. The method includes providing a
resonant actuator having a natural resonant frequency, pro-
viding a resonant actuator electronic control system having a
power amplifier for providing an electrical drive current to
drive the resonant actuator, and connecting the resonant
actuator with the resonant actuator electronic control system
wherein the resonant actuator electronic control system elec-
trical drive current drives the resonant actuator about the
natural resonant frequency when commanded by a received
command signal, with the resonant actuator feeding an elec-
trical output back 1nto the resonant actuator electronic control
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system wherein the resonant actuator electronic control sys-
tem adjusts the electrical drive current based on the resonant
actuator electrical output.

The invention includes a method of making a vibration
canceling force generator 20. The method includes providing
a resonant actuator 24 having a natural resonant frequency,
providing a resonant actuator electronic control system 34
having a command input for receiving a command signal and
a power amplifier for providing an electrical drive current (1)
to drive the resonant actuator, and connecting the resonant
actuator with the resonant actuator electronic control system
wherein the resonant actuator electronic control system elec-
trical drive current (1) drives the resonant actuator about the
natural resonant frequency when commanded by a recerved
command signal, with the resonant actuator feeding an elec-
trical output 44 back into the resonant actuator electronic
control system wherein the resonant actuator electronic con-
trol system adjusts the electrical drive current (1) based on the
resonant actuator electrical output 44. Providing resonant
actuator 24 preferably includes providing an electromagneti-
cally driven voice coil, preferably a sprung mass 26 driven by
modulating a electromagnetic field produced by an EM coil
30 so the sprung mass 1s attracted and repelled by the EM field
and the actuator resonates at 1ts natural resonant frequency.
Providing the resonant actuator electronic control system 34
preferably includes providing a resonant actuator electronic
control system having a command input 36 for receiving a
command signal 38 and a power amplifier 40 for providing an
clectrical drive current (1) to drive the resonant actuator about
its resonant frequency. Preferably the command signal 38 1s
an analog mput voltage, with the analog variable voltage
mput command signal commanding the control system to
produce a vibration canceling force 22 which destructively
interferes with and cancels an unwanted vibration force in the
structure 30 that the actuator 24 is attached to. In a preferred
embodiment such as shown 1n FIG. 1, the actuator electrical
output 44 1s fed back directly into the control system, prefer-
ably with no separate physical actuator motion sensor needed
for producing the feedback output. In an alternative embodi-
ment, such as shown in FIG. 4, the resonant actuator electrical
output 44 1ncludes an actuator sensor electrical output from
an actuator sensor 34. The actuator sensor 54 provides an
actuator sensor electrical output 44 relative to a physical
motion characteristic of the actuator 24, such as a motion
sensor measuring the motion of the moving mass 26. In an
embodiment the actuator sensor 54 1s an accelerometer
mounted on the actuator driven sprung mass. In an embodi-
ment the actuator sensor 54 1s a velocity sensor measuring and
sensing the velocity of the actuator driven sprung mass. In an
embodiment the actuator sensor 54 1s a displacement sensor
measuring and sensing the displacement and position of the
actuator driven sprung mass. Providing the resonant actuator
24, preferably includes providing a resonant actuator with a
natural resonant frequency in the range of 15 to 40 Hz, more
preferably 15-30 Hz, and most preferably 18 to 26 Hz. Pro-
viding the resonant actuator 24, preferably includes providing
a resonant actuator which has a damping level less than four
percent of critical damping, more preferably less than two
percent of critical damping. Preferably the actuator 24 1s a
lightly damped resonant actuator with an effective damping
ratio less than 0.5 (damping ratio=particular damping coetii-
cient ¢/critical damping coetlicient ¢,). Preferably the actua-
tor 24 has the highly resonant response of a lightly damped
mass spring system. In an embodiment the method includes
providing an electrical connector 1nterface 52 for disengaga-
bly connecting the resonant actuator 24 to the resonant actua-
tor electronic control system 34, preferably including a feed-
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back output loop connectors 52, and electrical drive current
connectors 52, with the disengagement and engagement of
the connector 1nterfaces used to iterchange of actuators 24
with the control system 34, and for replacing and swapping
out actuators 24 driven by the control system 34. Feeding
back the electrical feedback 44 preferably includes feeding
back the electrical charge flow rate through the resonant
actuator. The current (1) through the actuator 24 1s fed back
into the control system as (1_act) with the drive current con-
trolled and limited to a maximum operation value, most pret-
erably with no shape filtering used to drive the actuator 24. In
an embodiment of the invention feeding back the electrical
teedback 44 preterably includes feeding back the electrical
potential difference through the resonant actuator. The volt-
age across the actuator fed back mto the control system as
(v_act), with the voltage 1s controlled and limited to a maxi-
mum value corresponding to the rated voltage for the actuator
24 for maximum operation displacement of the actuator at
resonance. In an embodiment feeding back the electrical
teedback 44 pretferably includes feeding back both the elec-
trical charge flow rate through the resonant actuator and the
clectrical potential difference through the resonant actuator,
with both the voltage and current feedback from actuator.

The mvention comprises a method of controlling vibra-
tions. The method includes providing a resonant actuator
having a natural resonant frequency, providing a resonant
actuator electronic control system for providing an electrical
drive current to drive the resonant actuator, connecting the
resonant actuator with the resonant actuator electronic con-
trol system, and driving the resonant actuator about the natu-
ral resonant frequency with the resonant actuator feeding an
clectrical output back into the resonant actuator electronic
control system and adjusting the electrical drive current based
on the resonant actuator electrical output.

The mvention includes a method of controlling vibrations.
The method includes providing a voice coil resonant actuator
24 having a natural resonant frequency, preferably an elec-
tromagnetically driven sprung mass driven by modulating a
clectromagnetic field so the sprung mass 1s attracted and
repelled by the EM field. The method includes providing a
resonant actuator electronic control system 34 for providing
an electrical drive current to drive the resonant actuator and
connecting the resonant actuator with the resonant actuator
clectronic control system. The method includes driving the
resonant actuator about the natural resonant frequency with
the resonant actuator feeding an electrical output back 1nto
the resonant actuator electronic control system and adjusting,
the electrical drive current based on the resonant actuator
clectrical output. Preferably providing a resonant actuator 24
includes providing a resonant actuator with a natural resonant
frequency 1n a range of 15 to 40 Hz, more preferably 135-30
Hz, and most preferably 18 to 26 Hz. Preferably providing a
resonant actuator 24 includes providing a resonant actuator
with a damping level less than four percent of critical damp-
ing, more preferably less than two percent of critical damp-
ing. Preferably the lightly damped resonant actuator 24 has an
ceifective damping ratio less than 0.5 (damping
ratio=particular damping coellicient ¢/critical damping coed-
ficient c¢,), with the actuator having the highly resonant
response of a lightly damped mass spring system. Preferably
the method 1ncludes providing an electrical connector inter-
face 52 for disengagably connecting the resonant actuator to
the resonant actuator electronic control system. Preferably
the resonant actuator electrical output 44 1s an electrical
potential difference through the resonant actuator with the
voltage across the actuator fed back into the control system,
with voltage controlled/limited to a maximum value corre-
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sponding to the rated voltage for the actuator for maximum
operation displacement of the actuator at resonance. Prefer-
ably the resonant actuator electrical output 44 1s an electrical
charge flow rate through the resonant actuator. Preferably the
resonant actuator electrical output 1s an electrical charge flow
rate through the resonant actuator and an electrical potential
difference through the resonant actuator. In an embodiment
the resonant actuator electrical output 1s an actuator sensor
clectrical output.

The invention includes a vehicle vibration canceling sys-
tem. The vehicle vibration canceling system includes a reso-
nant actuator having a natural resonant frequency. The
vehicle vibration canceling system includes a resonant actua-
tor electronic controller for providing an electrical drive cur-
rent to the resonant actuator to drive the resonant actuator
about the resonant frequency. The resonant actuator has a
teedback electrical output with the feedback electrical output
fed back into the resonant actuator electronic controller
wherein said resonant actuator electronic controller adjusts
said electrical drive current based on said resonant actuator
teedback electrical output.

The invention includes a vehicle vibration canceling sys-
tem. The aircrait vehicle vibration canceling system includes
a resonant actuator 24 having a natural resonant frequency,
and a resonant actuator electronic controller 34, with the
resonant actuator electronic controller providing an electrical
drive current to the resonant actuator to drive the resonant
actuator about the resonant frequency, with the resonant
actuator having a feedback electrical output, the feedback
clectrical output fed back into the resonant actuator electronic
controller wherein the resonant actuator electronic controller
adjusts the electrical drive current based on the resonant
actuator feedback electrical output to produce a vibration
canceling for 22 to cancel a vibration 1n the vehicle vibrating
structure 50 to which it 1s attached. Preferably the resonant
actuator 24 1s an electromagnetically driven sprung mass 26
suspended on resilient metal flexures 32. As shown 1n FIG.
2A-D, the EM driven mass 26 1s preferably suspended on a
horizontal beam stack of multiple layers of resilient metal
flexures 32, which are preferably supported by two vertical
side resilient metal flexures post plates, to provide a sprung
mass that can be electromagnetically driven to oscillate at its
natural resonant frequency. Preferably the resonant actuator
sprung mass 1s driven by modulating an electromagnetic field
so the sprung mass 1s attracted and repelled by the EM field at
its resonant Irequency. Preferably the resonant actuator
sprung mass includes a permanent magnet 28 1n alignment
with an electromagnetic coil 30, wherein a electrical drive
current supplied to the EM coi1l 30 drives the sprung mass at
resonance. The wvibration canceling force generator 20
includes a resonant actuator electronic control system 34.
Preferably the resonant actuator electronic control system 34
has a command mput 36 for recerving a command signal 38
and the resonant actuator electronic control system includes a
power amplifier 40 that produces the electrical drive current
(1). The resonant actuator electronic control system 34 pro-
vides an electrical drive current 42 to the resonant actuator 24
to drive the resonant actuator about the resonant frequency
when commanded by a recerved command signal 38, with the
resonant actuator having a feedback output 44 fed back into
the resonant actuator electronic control system wherein the
resonant actuator electronic control system adjusts the elec-
trical drive current (1) based on the resonant actuator feedback
output 44 to generate the vibration canceling force 22. Pret-
erably the resonant actuator 24 has a resonant actuator natural
resonant frequency 1n a range of 15 to 40 Hz, more preferably
in the range of 15-30 Hz, and most preferably in the range of




US 8,272,592 B2

9

18 to 26 Hz. The vibration canceling force generator 20 1s able
to adapt to an aging of the resonant actuator 24 that alters the
resonant actuator natural resonant frequency changes over an
extended operation life time frame such as from the aging of
the metal tlexures and loosening of the metal flexure fasteners
and fixtures over time, preferably with the utilization of the
resonant actuator feedback output 44 to adjust the drive cur-
rent to the resonant actuators aging natural resonant Ire-
quency so that the control system produced drive current can
follow an aging change in the natural frequency over an
extended period of time. Preferably the resonant actuator 24
has a damping level less than four percent of critical damping,
more preferably a damping level less than two percent of
critical damping. Preferably the resonant actuator 24 1s a
lightly damped resonant actuator. Preferably the resonant
actuator 24 1s a lightly damped resonant actuator with an
cifective damping ratio less than 0.5 (preferably with damp-
ing ratio=particular damping coellicient c/critical damping
coellicient ¢,). The vibration canceling force generator 20
utilizes a resonant actuator 24 that has a lightly damped mass
spring system highly resonant response, with the actuator
driven at resonance because of 1ts highly resonant response.
Preferably the command signal 38 1s an analog input voltage,
which 1s recerved by command 1mput 36 with the variable
voltage mput command signal commanding the electronic
control system 34 to produce a force 22 to cancel the
unwanted vibration force in the vibrating structure 50. As
shown in FIG. 4, preferably the vibration canceling force
generator includes electrical connector interfaces 32 for dis-
engagably connecting the resonant actuator 24 to the resonant
actuator electronic control system 34. Such an electrical con-
nector mterface preferably includes a feedback loop connec-
tor 52 and an electrical drive current connector 52, with the
connector interfaces 52 providing for interchanging of actua-
tors 24 with the control systems 34 and the replacement and
swapping ol resonant actuators 24. Preferably the resonant
actuator feedback output 44 1s an electrical output from the
resonant actuator back into the control system 34. In a pre-
terred embodiment the actuator electrical output 1s directly
ted from the actuator electrical output into the control system.
In a preferred embodiment such as shown in FIG. 1, no
separate physical actuator motion sensor for producing the
teedback output 1s utilized, with the electrical feedback out-
put 44 coming directly from the actuator and control system
drive current. Preferably the resonant actuator electrical feed-
back output 44 1s an electrical charge flow rate (1) through the
resonant actuator, with the current (1_act) through the actua-
tor fed back into the control system, with the actuator drive
current (1) controlled and limited to a maximum operation
value. Preferably the control system uses the current (1_act)
teedback 44 1n controlling the drive current (1) to drive the
actuator at resonance and without the need of shape filtering.
In an embodiment the resonant actuator feedback output 44 1s
an electrical potential difference through the resonant actua-
tor 24, with the voltage (v_act) across the actuator fed back
into the control system, with the voltage 1n the actuator con-
trolled and limited to a maximum value corresponding to the
rated voltage for the actuator for maximum operation dis-
placement of the actuator at resonance. In an embodiment the
resonant actuator feedback output 44 is the electrical charge
flow rate (1_act) through the resonant actuator and the elec-
trical potential difference (v_act) through the resonant actua-
tor, with both the voltage and current fed back from actuator
24.

The 1nvention includes a method of making a helicopter
vibration canceling system. The method includes providing a
resonant actuator having a natural resonant frequency. The
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method includes providing a resonant actuator electronic
control system for providing an electrical drive current to
drive said resonant actuator. The method includes connecting
the resonant actuator with the resonant actuator electronic
control system wherein the resonant actuator electronic con-
trol system electrical drive current drives the resonant actua-
tor about the natural resonant frequency with said resonant
actuator feeding an electrical output back into the resonant
actuator electronic control system wherein the resonant
actuator electronic control system adjusts the electrical drive
current based on the resonant actuator electrical output.

The mvention includes a method of making a helicopter
vibration canceling system for canceling vibrations generated
in a helicopter. The method 1ncludes providing a resonant
actuator 24 having a natural resonant frequency, providing a
resonant actuator electronic control system 34 for providing
an electrical drive current to drive the resonant actuator, and
connecting the resonant actuator with the resonant actuator
clectronic control system wherein the resonant actuator elec-
tronic control system electrical drive current drives the reso-
nant actuator about the natural resonant frequency, with the
resonant actuator feeding an electrical output 44 back into the
resonant actuator electronic control system wherein the reso-
nant actuator electronic control system adjusts the electrical
drive current based on the resonant actuator electrical output.
Providing resonant actuator 24 preferably includes providing
an electromagnetically driven voice coil, preferably a sprung
mass 26 driven by modulating a electromagnetic field pro-
duced by an EM coi1l 30 so the sprung mass 1s attracted and
repelled by the EM field and the actuator resonates at its
natural resonant frequency. Providing the resonant actuator
clectronic control system 34 preferably includes providing a
resonant actuator electronic control system having a com-
mand mput 36 for recerving a command signal 38 and a power
amplifier 40 for providing an electrical drive current (1) to
drive the resonant actuator about 1ts resonant frequency. Pret-
erably the command signal 38 1s an analog input voltage, with
the analog variable voltage input command signal command-
ing the control system to produce a vibration canceling force
22 which destructively terferes with and cancels an
unwanted vibration force 1n the structure 50 that the actuator
24 1s attached to. In a preferred embodiment such as shown 1n
FIG. 1, the actuator electrical output 44 1s fed back directly
into the control system, preferably with no separate physical
actuator motion sensor needed for producing the feedback
output. In an alternative embodiment, such as shown 1n FIG.
4, the resonant actuator electrical output 44 includes an actua-
tor sensor electrical output from an actuator sensor 34. The
actuator sensor 54 provides an actuator sensor electrical out-
put 44 relative to a physical motion characteristic of the
actuator 24, such as a motion sensor measuring the motion of
the moving mass 26. In an embodiment the actuator sensor 54
1s an accelerometer mounted on the actuator driven sprung
mass. In an embodiment the actuator sensor 54 1s a velocity
sensor measuring and sensing the velocity of the actuator
driven sprung mass. In an embodiment the actuator sensor 54
1s a displacement sensor measuring and sensing the displace-
ment and position of the actuator driven sprung mass. Pro-
viding the resonant actuator 24, preferably includes providing
a resonant actuator with a natural resonant frequency in the
range of 15 to 40 Hz, more preferably 15-30 Hz, and most
preferably 18 to 26 Hz. Providing the resonant actuator 24,
preferably includes providing a resonant actuator which has a
damping level less than four percent of critical damping, more
preferably less than two percent of critical damping. Prefer-
ably the actuator 24 1s a lightly damped resonant actuator with
an eflective damping ratio less than 0.5 (damping
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ratio=particular damping coellicient ¢/critical damping coed-
ficient ¢ ). Preferably the actuator 24 has the highly resonant
response of a lightly damped mass spring system. In an
embodiment the method includes providing an electrical con-
nector mterface 52 for disengagably connecting the resonant
actuator 24 to the resonant actuator electronic control system
34, preferably including a feedback output loop connectors
52, and electrical drive current connectors 52, with the dis-
engagement and engagement of the connector interfaces used
to interchange of actuators 24 with the control system 34, and
for replacing and swapping out actuators 24 driven by the
control system 34. Feeding back the electrical feedback 44
preferably includes feeding back the electrical charge flow
rate through the resonant actuator. The current (1) through the
actuator 24 1s fed back into the control system as (1_act) with
the drive current controlled and limited to a maximum opera-
tion value, most preferably with no shape filtering used to
drive the actuator 24. In an embodiment of the invention
teeding back the electrical feedback 44 preferably includes
teeding back the electrical potential difference through the
resonant actuator. The voltage across the actuator fed back
into the control system as (v_act), with the voltage 1s con-
trolled and limited to a maximum value corresponding to the
rated voltage for the actuator 24 for maximum operation
displacement of the actuator at resonance. In an embodiment
teeding back the electrical feedback 44 preferably includes
teeding back both the electrical charge flow rate through the
resonant actuator and the electrical potential difference
through the resonant actuator, with both the voltage and cur-
rent feedback from actuator.

The mvention includes a method of controlling helicopter
vibrations. The method includes providing a resonant actua-
tor having a natural resonant frequency. The method includes
mounting the resonant actuator 1n a helicopter. The method
includes providing a resonant actuator electronic control sys-
tem for providing an electrical drive current to drive the
resonant actuator. The method includes connecting the reso-
nant actuator with the resonant actuator electronic control
system. The method includes driving the resonant actuator
about the natural resonant frequency with the resonant actua-
tor feeding an electrical output back into the resonant actuator
clectronic control system and adjusting the electrical drive
current based on the resonant actuator electrical output.

The invention includes a method of controlling helicopter
vibrations. The method includes providing a resonant actua-
tor 24 having a natural resonant frequency, mounting the
resonant actuator 1n a helicopter to a vibrating structure 50 of
the helicopter, providing a resonant actuator electronic con-
trol system 34 for providing an electrical drive current to drive
the resonant actuator, connecting the resonant actuator with
the resonant actuator electronic control system, and driving,
the resonant actuator about the natural resonant frequency
with the resonant actuator feeding an electrical output back
into the resonant actuator electronic control system and
adjusting the electrical drive current based on the resonant
actuator electrical output. The method includes driving the
resonant actuator about the natural resonant frequency with
the resonant actuator feeding an electrical output back into
the resonant actuator electronic control system and adjusting
the electrical drive current based on the resonant actuator
clectrical output. Preferably providing a resonant actuator 24
includes providing a resonant actuator with a natural resonant
frequency 1n a range of 15 to 40 Hz, more preferably 135-30
Hz, and most preferably 18 to 26 Hz. Preferably providing a
resonant actuator 24 includes providing a resonant actuator
with a damping level less than four percent of critical damp-
ing, more preferably less than two percent of critical damp-

10

15

20

25

30

35

40

45

50

55

60

65

12
ing. Preferably the lightly damped resonant actuator 24 has an
cifecive damping ratio less than 0.5 (damping

ratio=particular damping coellicient c¢/critical damping coet-
ficient c¢,), with the actuator having the highly resonant
response of a lightly damped mass spring system. Preferably
the method includes providing an electrical connector inter-
face 52 for disengagably connecting the resonant actuator to
the resonant actuator electronic control system. Preferably
the resonant actuator electrical output 44 1s an electrical
potential difference through the resonant actuator with the
voltage across the actuator fed back into the control system,
with voltage controlled/limited to a maximum value corre-
sponding to the rated voltage for the actuator for maximum
operation displacement of the actuator at resonance. Prefer-
ably the resonant actuator electrical output 44 1s an electrical
charge flow rate through the resonant actuator. Preferably the
resonant actuator electrical output 1s an electrical charge tlow
rate through the resonant actuator and an electrical potential
difference through the resonant actuator. In an embodiment
the resonant actuator electrical output 1s an actuator sensor
clectrical output.

The 1nvention utilizes tuming of the current loop of the
amplifier to provide force shaping without using a shaping
filter, with such tuning limiting the maximum current and
power delivered to the actuator at frequencies away from
resonance and, keeps the moving mass displacements below
fatigue limits at resonance. The amplifier behaves like a volt-
age conftrolled amplifier close to the resonance frequency and
a current controlled amplifier away from resonance. Since the
actuator voltage 1s proportional to flexure displacement near
resonance, limiting the actuator voltage near resonance pro-
tects the actuator from being overdriven. Preferably the mag-
nitude ol the trans-conductance dip of the amplifier 1s tuned to
limit displacement at resonance and the pass-band gain of the
amplifier in order to limit the current/power away from the
resonance frequency. The mnvention allows the system to
adapt to changes 1n the resonance frequency. With the mnven-
tion no data is required from the installed actuators and no
shaping filters are required 1n the system. With the invention
the actuators can be changed, swapped, repaired, and/or
replaced without making any changes and/or adjustments to
the electronic control system.

FIG. 6 shows a schematic of the vibration control actuator
system. The actuator system can be modeled using the fol-
lowing equations:

9% x 0x = F.
—— 4+ c— = {
m8r2 Cc‘ir 0
chf Y dx
— + +¥—— = i1
dt I wc’j‘r Vi
Folt)=—
(—)
X = s+ R 2 V.,
( Zres+k il ]
e Is+R
1
I = Vin
s
(L5+R+ ]
ms* + s+ k

FIG. 7 shows the schematic of a current loop of the LUICU.
The five gains (g, through g.) shown in the schematic are
preferably optimized to achieve a desired performance. Pret-
erably with loop optimization, there are five parameters for
optimization in the control scheme:




US 8,272,592 B2

13

Input gain g,

Compensator gains g, 25, 24

Feedback loop gain g-

Preferably with loop optimization, there are two consider-
ations:

1) The system should not exceed the physical limits;

2) The system should have sufficient stability margins.
Preferably these gains are designed through a coupled opti-
mization study and a stability analysis, a number of cost
functions can be used for optimization and they will result 1n
different solutions, with examples and their comparison pre-
sented here:

2 (F(,) = Frog\2
l(('ml) Imax) +( (mn) rfq]

(Dl:( w2

wl

. I({Ul) — hnax 2 F(wn) - Frfq 2 P(wn) — Piax
b2 = ( wl ) +( w2 ] " ( w3 )
. I(ml)_fmmﬁ 2 F(mn)_Frfq 2 P(mn)_Pmax 2
ok ( wl ) +( w2 ] N ( w3 )
where 1 and P are the maximum allowed current and

power respectively. The F,  _1s the desired torce.

For simplicity and demonstration purposes, two gains are
optimized, g, and g., with the following values used:

I, amps, P, =100 watts and I, =3000 N
w1=300, w2=1 and w3=6
®,=10 Hz, ® _=21.6 Hz
The below table shows the optimized gains for the three cost

functions. The system 1s optimized for 13 Kg moving mass

Cost Function g, g5
D, 0.95555 0.10654
D, 1.0396 0.2585
D, 0.968K7 0.13062

The plots of FI1G. 8-17 show the performance of the method/
system. In implementation and lab testing the loop changes
were implemented 1n the LCICU amplifier card and the sys-
tem was tested. For testing, the following values were used:
g1=0.295,  g2=50, g3=2%p1*2.4, g4=2%p1*354,
05=0.1245; the testing was done for an actuator mass of
14.2 and resonance of 21.72; the optimization was done
for mass of 13; the test demonstrated that the system
performance was within specs. It 1s noted that the mass
estimation 1s important to limait the force, since we tuned
the resonant acceleration and not the force.

It will be apparent to those skilled in the art that various
modifications and variations can be made to the invention
without departing from the spirit and scope of the mvention.
Thus, 1t 1s intended that the invention cover the modifications
and varnations of this invention provided they come within the
scope of the appended claims and their equivalents. It 1s
intended that the scope of differing terms or phrases in the
claims may be fulfilled by the same or different structure(s) or

step(s).

The invention claimed is:

1. An awrcraft vibration canceling force generator for
actively generating an aircrait vibration canceling force, said
aircraft vibration canceling force generator comprising;:

an aircraft resonant actuator, said resonant actuator includ-

ing an electromagnetically driven sprung mass, said
resonant actuator having an aging resonant frequency,
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and a resonant actuator electronic control system having,
an input for recerving a signal, said resonant actuator
clectronic control system providing an electrical drive
current to said resonant actuator to drive said resonant
actuator about said aging resonant frequency when com-
manded by a recerved signal, said resonant actuator hav-
ing a direct feedback electrical output, said direct feed-
back electrical output directly fed back into said
resonant actuator electronic control system wherein said
resonant actuator electronic control system adjusts said
electrical drive current based on said resonant actuator
direct feedback electrical output to generate said aircraft
vibration canceling force.

2. An aircraft vibration canceling force generator as
claimed 1n claim 1 wherein said resonant actuator includes a
stack of resilient tlexures.

3. An aircrait vibration canceling force generator as
claimed 1n claim 2 wherein said stack of resilient flexures 1s
comprised of a beam stack of multiple layers of resilient
flexures.

4. An aircrait vibration canceling force generator as
claimed 1n claim 1 wherein said resonant actuator includes a
plurality of tlexures.

5. An aircraft vibration canceling force generator as
claimed in claim 1 wherein said resonant actuator electro-
magnetically driven sprung mass 1s supported by a plurality
of vertical side resilient tlexure posts.

6. An aircrait vibration canceling force generator as
claimed 1n claim 1 including an electrical connector interface
for disengagably connecting said resonant actuator to said
resonant actuator electronic control system.

7. An aircrait vibration canceling force generator as
claimed 1n claim 1, wherein said resonant actuator direct
teedback electrical output is an electrical potential difference
through said resonant actuator.

8. An aircrait vibration canceling force generator as
claimed 1n claim 1, wherein said resonant actuator direct
teedback electrical output 1s an electrical charge tlow rate
through said resonant actuator.

9. An aircraft vibration canceling force generator as
claimed 1n claim 1, wherein said resonant actuator direct
teedback electrical output 1s an electrical charge flow rate
through said resonant actuator and an electrical potential
difference through said resonant actuator.

10. An aircraft vibration canceling force generator as
claimed 1n claim 1, wherein said resonant actuator does not
include a separate physical actuator motion sensor.

11. A method of making an aircrait vibration canceling
force generator, said method comprising the steps of: provid-
ing an aircrait resonant actuator having an aging resonant
frequency and an electrical output, said aging resonant fre-
quency changing over time, providing a resonant actuator
clectronic control system having an input for receiving a
signal, said electronic control system providing an electrical
drive current to drive said resonant actuator, connecting said
resonant actuator with said resonant actuator electronic con-
trol system wherein said resonant actuator electronic control
system electrical drive current drives said resonant actuator
about said aging resonant frequency when commanded by a
received signal, with said resonant actuator feeding said elec-
trical output back 1nto said resonant actuator electronic con-
trol system wherein said resonant actuator electronic control
system adjusts said electrical drive current based on said
resonant actuator electrical output.

12. A method as claimed 1n claim 11 wherein providing a
resonant actuator includes providing a resonant actuator with
an electromagnetically driven sprung mass.
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13. A method as claimed 1n claim 12 wherein said resonant
actuator electromagnetically driven sprung mass 1S sus-
pended with a plurality of resilient flexures.

14. A method as claimed 1n claim 11 wherein said method
includes providing an electrical connector interface for dis-
engagably connecting said resonant actuator to said resonant
actuator electronic control system.

15. A method as claimed 1n claim 11, wherein said resonant
actuator electrical output 1s an electrical potential difference
through said resonant actuator.

16. A method as claimed 1n claim 11, wherein said resonant
actuator electrical output 1s an electrical charge flow rate
through said resonant actuator.

17. A method as claimed in claim 11, wherein said resonant
actuator electrical output 1s an electrical charge flow rate
through said resonant actuator and an electrical potential
difference through said resonant actuator.

18. A method as claimed 1n claim 11 wherein providing a
resonant actuator includes providing a resonant actuator said
resonant actuator that does not include a separate physical
actuator motion sensor.

19. A method of controlling aircraft vibrations, said
method comprising the steps of: providing a resonant actua-
tor, said resonant actuator including an electromagnetically
driven sprung mass, said resonant actuator having an electri-
cal output, said resonant actuator having a resonant fre-
quency, said resonant frequency changing over time, provid-
ing an electronic control system for providing an electrical
drive current to drive said resonant actuator, connecting said
resonant actuator with said electronic control system, elec-
tromagnetically driving said resonant actuator about said
resonant frequency with said resonant actuator feeding said
clectrical output back into said electronic control system and
adjusting said electrical drive current based on said resonant
actuator electrical output.

20. A method as claimed 1n claim 19 wherein said resonant
actuator electromagnetically driven sprung mass 1s sus-
pended with a plurality of resilient flexures.

21. A method as claimed 1n claim 19 wherein said method
includes providing an electrical connector interface for dis-
engagably connecting said resonant actuator to said elec-
tronic control system.

22. A method as claimed in claim 19, wherein said resonant
actuator electrical output 1s an electrical potential difference
through said resonant actuator.

23. A method as claimed 1n claim 19, wherein said resonant
actuator electrical output 1s an electrical charge flow rate
through said resonant actuator.
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24. A method as claimed in claim 19, wherein said resonant
actuator electrical output 1s an electrical charge flow rate
through said resonant actuator and an electrical potential
difference through said resonant actuator.

25. A method as claimed in claim 19, wherein said resonant
actuator electrical output 1s not from a separate physical
actuator motion sensor.

26. A method as claimed 1n claim 19, wherein said elec-
tronic control system includes an amplifier with a current
loop, and the method includes controlling said amplifier as a
voltage controlled amplifier proximate said resonant fre-
quency and controlling said amplifier as a current controlled
amplifier away from said resonant frequency.

277. A helicopter, said helicopter having helicopter vibra-
tions, said helicopter including a helicopter vibration cancel-
ing system, said vibration canceling system comprising at
least one resonant actuator, said resonant actuator imncluding
an electromagnetically driven sprung mass, said resonant
actuator having a resonant frequency, said resonant frequency
changing over time, and a resonant actuator electronic con-
troller, said resonant actuator electronic controller providing
an electrical drive current to said resonant actuator to electro-
magnetically drive said resonant actuator about said resonant
frequency, said resonant actuator having a feedback electrical
output, said feedback electrical output fed back into said
resonant actuator electronic controller wherein said resonant
actuator electronic controller adjusts said electrical drive cur-
rent based on said resonant actuator feedback electrical out-
put with said helicopter vibration canceling system control-
ling said helicopter vibrations.

28. A helicopter as claimed 1n claim 27 wherein said reso-
nant actuator imncludes a plurality of resilient flexures.

29. A helicopter as claimed 1n claim 27 including an elec-
trical connector 1nterface for disengagably connecting said
resonant actuator to said resonant actuator electronic control
system.

30. A helicopter as claimed 1n claim 27 wherein said reso-
nant actuator feedback electrical output 1s an electrical poten-
tial difference through said resonant actuator.

31. A helicopter as claimed 1n claim 27 wherein said reso-
nant actuator feedback electrical output is an electrical charge
flow rate through said resonant actuator.

32. A helicopter as claimed 1n claim 27 wherein said reso-
nant actuator feedback electrical output is an electrical charge
flow rate through said resonant actuator and an electrical
potential difference through said resonant actuator.

33. A helicopter as claimed 1n claim 27 wherein said reso-
nant actuator does not include a separate physical actuator
motion sensor.
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